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what we can observe 
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ABSTRACT 


The electrochemistry of bilirubin IX-a in N,N- 
dimethylformamide (DMF) has been investigated. The 
oxidation and reduction waves for bilirubin, biliverdin, 
and purpurin are identified. Using conventional 
electrochemical techniques, the behavior of this molecule 
in acidic and basic media is also reported. A detailed 
investigation was undertaken to determine the mechanism 
EeaetbesclectrochemiCcalwoxidation of bilirubin. Using 
conventional modulated specular reflectance spectroscopy 
(MSRS) along with the recently described ac reflectance 
technique - sinusoidally modulated alternating current 
reflectance spectroscopy (SMACRS), the spectra of a number 
of intermediates have been recorded. 

The production ots biliverdin during the ,photo= 
oxidation of bilirubin is also examined. By monitoring 
the current, the efficiency of this process in DMF is 


reported. 
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CHAPTER 


INTRODUCTION 


1.1 INTRODUCTORY REMARKS 


Bilirubin is a waste product and apparently of no 
practical use to the body. Despite this, scientific 
interest in this bile pigment has been very keen. This 
interest has been prompted by the fact that bilirubin in 
high concentrations is a poison. A great deal of work has 
dealt solely with characterization of the molecule [1l- 
3]. There have also been numerous investigations as to 
the nature of the biochemical agents which catalyze its 
DOLMatlOne 14-5). RECOGniItLOonmoL, the fact, that visible 
light radiation causes a reduction of bilirubin 
concentration in blood serum has initiated a large volume 
of research in this area. The physical aspects [6], 
mechanisms [7], and products involved in this phenomenon 
were explored [8-11]. More recently the metabolic [12] 
and pharmacologic [13] traits have been investigated. 
Methods of detection and assay procedures for bilirubin 


have been continually suggested and improved [14-16]. 
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While electrochemical methods have proven invaluable 
in elucidating electron transfer mechanisms and 
identifying reaction intermediates in many types of 
Organic redox reactions, in recent years few publications 
have dealt directly with the electrochemistry of 
bilirubin. This point is less suprising when one examines 
a typical cyclic voltammogram of the molecule in 
nonaqueous solvents. Recent advances in electrochemical 
and spectroelectrochemical techniques, however, now permit 
precise studies of such complicated electrochemical 
reactions, and the application of some of these are 
demonstrated herein. 

My interest in bilirubin stems from the apparent 
interference which the molecule exerts on the oxidative 
phosphorylation process in the cell mitochondria [17]. By 
inhibiting the normal cell metabolism, the clinical 
condition known as kernicterus may eventually result. It 
ie sbhus CbepGact real Interests seo,i nitrate a. study of the 
oxidative electrochemistry of this molecule in nonaqueous 
solvents with a view of adding to the understanding of 


this serious metabolic interference. 
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1.2 ORIGIN AND CATABOLISM OF BILIRUBIN 


The life span of a newborn infant's red blood cell is 
shorter than that of an adult's. As the senescent cells 
and their fragments become sequestered in the 
reticuloendothelial system, the hemoglobin molecule is 
split into two fragments: (1) globin, which enters the 
protein metabolic pool and (2) heme, which is further 
catabolized. The first step in the degradative process is 
the oxidation of the a-carbon methene link of heme by an 
enzyme known as heme a-methyl oxygenase [18,19], and the 
release of this carbon atom as carbon monoxide. The 
cyclic tetrapyrrole formed is immediately converted to an 
open-chain tetrapyrrole known as biliverdin IX-a (Figure 
1). The latter undergoes enzymatic reduction to 
Dilirubin. Most off thepbilirubin is eventually 
transported to the liver, where it is converted 
enzymatically into a water soluble diglucuronide (Figure 
1), and ex¢reted via the billie into the duodenumel20)\. “The 
diglucuronide is hydrolized in the lower portion of the 
infmestinal tract eto gqhucuronic# acid and*bilirubin. The 
bilirubin is*€inally converted*by the bacterial flora to a 
variety of products: urobilinogen, stercobilinogen, 
urobilin and stercobilin. This process is shown 


diagramatically in Figure P22 
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1.3 HISTORY OF sBILIRUBIN, RESEARCH 


Bilirubin was first isolated in crystalline form by 
Virchow in 1847 [21], and was given its name by Stadeler 
in 1864 [22]. Its structure was determined by Siedel and 
Fisher in 1933 [23], and confirmed via total synthesis by 
Fisher and Plieninger in 1943 [24]. Much of the basic 
chemistry of this pigment was investigated during the 
1940's by the Fisher school [25]. Since that time there 
have been more than 3000 publications dealing with 
bilirubin and of these about 400 specifically with some 
aspect of the chemistry or biochemistry of the molecule. 
The majority of attention has been directed towards 


fonmation, complexation, and photochemistry. 


1.4 GENERAL CHEMICAL PROPERTIES OF BILIRUBIN 


The chemical structure of bilirubin is shown in 
Figure 1. It is evident from the structure that by 
interchanging the substituents on the pyrrole rings, a 
number of structural isomers of bilirubin can be formed 
(Figure 3). Few of these many possible entities are 
known. The only mmatural, isomem is the IX-a. This isomer 
is so designated because it is derived from 
ferriprocoporpnyrinesn (Figure 2), Via Cleavage of the 


porphyrin ring at the a-bridge position. 
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Bilirubin@is agstable solid whieh ‘crystallizes 
readily from chloroform-methanol solutions. Commercial 
preparations of the bile pigment, which are generally 
obtained from animal (oxen) bile, or gallstones may 
contain other isomers of bilirubin (created during 
processing) or non-bilirubin material as impurities 
[26]. Bilirubin which is isomerically homogeneous is easy 
to purify [27]. The removal of unwanted isomers has been 
accomplished on a small scale and only by employing thin- 
layer chromatography [28]. Pure bilirubin is soluble in 
several organic solvents (e.g. chloroform, methylene 
chloride, pyridine, dimethylsulfoxide (DMSO), DMF), and is 
practically insoluble in petroleum ether, methanol or 
water. Its slight solubility in water increases with pH 
but is essentially zero below pH 7.0. 

The primary chemical properties of bilirubin are 
somewhat predictable on the basis of its structure. As is 
shown in Figure 4, the molecule contains two carboxylic 
acid side-chains (weakly acidic) which should readily form 
esters. On the lactam positions of the end rings there is 
a further pair of weakly acidic protons which would be 
expected to ionize only in strongly alkaline solutions. 
The central pyrrole rings would be expected to be weakly. 
basic and should support protonation in strong acids. 


Bilirubin contains a number of double bonds which should 
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be reducible, especially those in the side-chains which 
are sterically more accessible to reducing agents, and 
those on the ring ends. The two central aromatic pyrrole 
rings are expected to be more resistant to reduction. 
Bilirubin can be thought of as being composed of a pair of 
dipyrrylmethenes and a dipyrrylmethane. The 
dipyrrylmethane segment is much less stable and the 
methane carbon is regarded as the least bonded point in 
the molecule. The dipyrrylmethane segment may be attacked 
by electrophiles, and undergoes cleavage about the central 
-CH5- bridge in the presence of strong acids. The 
dipyrrylmethene segments which contain the conjugated 1 
electron systems are responsible for the yellow color of 
the pigment. 

Bilirubin can be readily reduced using sodium amalgam 
or catalytically hydrogenated using palladium or charcoal 
[29]. Referring to Figure 5, the hydrogens add two by 
two, firstwat ithe exo-vinyl group. (srte #1) and#then at 
the endo-vinyl group (site #2). This results in the 
formation CL gmMesobilarubin. ssBilirubin: can bewfurther 
reduced at site #3 which yields colorless urobilinogen, 
and finally at site #4 producing stercobilinogen. The 
latter reactions: occur in the qut. and are catalyzed by 


bacterial enzymes of the gut flora [30]. 
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Bilirubin undergoes a variety of oxidative reactions, 
a few of which are depicted in Figure 6. When treated 
with strong oxidizing agents such as potassium 
permanganate or chromic acid, bilirubin rapidly cleaves 
forming monopyrrole units. The use of less powerful 
Oxidizing agents such as ferric chloride leads to gentle 
Gehydrogenation of the central bridge producing the fully 
conjugated biliverdin. The latter oxidant is commonly 
used for the preparation of biliverdin [31]. The use of 
benzoquinone and acetic acid in DMSO also works very well 
[32]. In the dark and in the absence of any other 
oxidizing agents, bilirubin undergoes spontaneous 
oxidation with atmospheric oxygen [33]. The auto- 
oxidation process occurs at a negligible rate in 
chloroform, but becomes quite pronounced in aqueous 
alkaline solutions. The mechanism of auto-oxidation has 
not been determined, but can be easily inhibited by adding 
oxygen scavengers such as ascorbic acid or EDTA to the 
Leaction soliton (34). “Alfourth oxidative jpath™1s photo- 
oxidation. This reaction has drawn a great deal of 
attention due to its medical application in the control of 
neonatal jaundice. Photodegradation of bilirubin occurs 
quite rapidly when light of wavelengths 420-460 nm is 
incident on the molecule. The predominant mechanism 


appears to be an oxygenation process, whereby bilirubin 
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acts as a photosensitizer which results ultimately in its 
own destruction [35]. The overall mechanism is as follows 


[36]: 


Bilirubin + hv + Bilirubin* 
BilieubDing@eOome Bilirubin + Oe 


Brlirubin + One “ psi rubinsO5r | + Products 


eo ee bbCLROCHEMISGERY) Ob BELLI RUBIN 


Tnahisetinrstipapervonrbidirubing VangNoxrmany!3#) 
proposed that the purity of bilirubin for use as a 
clinical standard may be determined through the 
electrochemical technique of coulometry. His study 
consisted of monitoring the cyclic voltammetry and visible 
spectrum of a bilirubin solution during electrolysis. As 
the electrolysis progressed the cyclic voltammetry 
indicated that the peak height of the bilirubin oxidation 
wave decreased. Simultaneous spectra of aliquots 
indicated that the bilirubin absorbance at Amay = 493 nm 
diminished as the biliverdin absorbance at 4,., = 384 and 
650 nm increased in magnitude. The solution of bilirubin 
was electrolyzedgatealconstant gpotentialcof,0s65 V\vvs: the 
standard calomel electrode (SCE). The solution was pre--: 


electrolyzed at 0.80 V before addition of the bilirubin, 


and a background correction of charge per unit time was 
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made before and after the electrolysis. The calculated 
value for the number of electrons passed per bilirubin 
molecule yielded 1.96 + 0.06. Based on ann value of 2, 
controlled potential coulometric analysis of five samples 
of bilirubin in DMF gave the theoretical value within 
+3%. These results suggest that controlled potential 
coulometry may be used as a possible alternative in the 
evaluation ofethetpunity of whi byrubinnas sarchinical 
standard. 

Van Norman also investigated the acid-base properties 
ee bllirubin@ ins DMP Se bs6 | etal it ration {of - bili rubimeswith 
Grtner*preric *acidrorthyagrechlorivce acidtshowed  thatultchad 
Nowattanirty Lor protons. ebrtration tof birikvrubinewith the 
base tetramethylguanidine (TMG) showed two breaks in the 
titration curve. They occurred at 1:1 and 2:1 
TMG: bilirubin molar ratios. The spectrum of bilirubin 
changed with the addition of base: a bathochromic shift 
from 453 nm to 463 nm occurred. The oxidative voltammetry 
also showed a change: as base was added, the neutral 
bilirubin was quantitatively converted to the dianion. 

The two-electron wave at 0.70 V vs SCE shifts to 0.40 V. 
The biliverdin oxidation wave appears unchanged. Van 
Norman believes that under neutral conditions in DMF, 
bilirubin exists as the neutral molecule and thus 


maintains intramolecular hydrogen bonding. The neutral 
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molecule thus maintains a relatively high oxidation 
potential and appears inert to complexation. With the 
quantitative neutralization of two acidic protons, the 
Oxidation potent tal “drops toi-0340 Viivs SCE. The site of 
Oxidation of the dianion still appears to be at the 
cencralamethenesorrdage since itiiwas shown) tomlose two 
electrons to form biliverdin as does the neutral 
molecule. The removal of two hydrogens seems to disrupt 
intra-ring hydrogen bonding and leads to steric changes 
which leaves the methene bridge more prone to oxidation. 
Therefore the potential shift for oxidation between the 
neutral and dianion forms is to be expected. The author 
also notes that the chemical odieeinen sequence of 
bilirubin known as the Gmelin sequence can be directly 
observed electrochemically, although he is only able to 
report the electrochemical production of the first three 
products (see Figure 7). 

Cyclic voltammetry, controlled potential coulometry, 
and thin layer techniques have been applied to the 
electro-reduction and electro~oxidation of bilirubin at 
mercury and gold electrodes in DMSO [39,40]. These 
workers have shown that bilirubin reduction occurs at two 
different sites within the molecule. A thin layer cell 
study produced a voltammetric response characteristic of 


anvesc.e. mechantsem forethe’ oxidation of bilirubin. to 
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Gmelin color sequence observed during biliruin oxidation 


M#V M P P M M V 
Bilirubin Yellow 
| | | | biladiene a,c 
NAS nA 
HO N CaN =CG. .N: °C CN OH 
ee R/N Gd | 


MV M P Vv 
Biliverdin Green 
| | bilatriene 
SN ee eg PA 
| 


MV M P 
Purpurin Purple 
| | | | biladiene -a,b-one-c 
SS Peg US 
N N 


iecteoah unt Giitvedl walle 
H H H O H 
a 
MV M P P M M V 
ipeet Choletellin Yellow 
| | | lee | | biladiene -b-one-a,c 
ees alas. wt 
H O 4H H O H 


Figure 7 
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biliverdin. They could not distinguish between an I-I 
(two irreversible electro-oxidation steps) or R-I (a 
reversible electro-oxidation followed by an irreversible 
one). They prefer however an e.e.c. mechanism whereby the 
nitrogens on the second and third pyrrole rings each lose 
an electron, followed by the rapid loss of two protons 
giving rise to the product biliverdin. These authors also 
Studied the effect of changing pH on the reduction of 
bilirubin in aqueous media. They showed that the 
reduction in neutral solution results in three waves: (1) 
a reversible adsorption prewave, followed by (2) a 
reversible two electron wave which was pH dependent, and 
(3) a one electron irreversible wave. In basic solution 
they observed only two waves. The first was again 
attributed to an adsorption prewave, and the second was a 
three electron wave believed to be the result of the 
coalescence of the second and third waves which were 
detected in the neutral solution. No proposed mechanism 
has been made to explain these observations. 

Further work on the oxidative electrochemistry of 
bilirubin has appeared recently [41]. Using a Pt working 
electrode in DMF with 0.1 M KC10,4 and 300 uM bilirubin, 
these workers observed three oxidation peaks at 0.37 V, 
Ooo 7G eaADG =O 6 hz eV, vs SCE. The first peak is attributed 


Gorox dat Vonmor .thewdtanion of bilarubin, the second peak 
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antwoeelectronsoxidation: of bilirubin to) bidiverdin, and 
the thirdipeakooxidationnof aobiliverdins -cAacyclic 
voltammogram of pure biliverdin confirms the latter. With 
regard to reduction, biliverdin displayed two reduction 
waveswat -0%95eVeandgj 1.20 V. -Ascathodiic, voltammogram) of 
bilirubin confirms that the wave at -0.95 V is the 
Beduction Of bakivesdin tosbidarubint and» thekwaverat) -1L, 20 
V is the subsequent reduction of bilirubin. It should be 
noted that the solvent in this experiment was not pure. 

We will show herein that proper distillation of DMF leads 
to the disappearance of the first oxidation wave due to 
the removal of any basic impurities which enhance 
conversion to the deprotonated (more easily oxidized) 


species. 


ieOne THE PHOTOCHEMISTRY gOF) BILIRUBIN 


Le isrknownethbat irradiataon tof jaundiced infants 
with broad spectrum visible light, or more monochromatic 
light of wavelengths near the 450 nm region has two major 
effects [42]. Areas of the skin as well as the underlying 
tissue exposed to the light become bleached. The 
concentration of bilirubin in the serum also diminishes. 
These two effects are due to two processes: Gli ene 
conversion of bilirubin to unidentified compounds which 


are more readily excreted [43,44], and (2) stimulation of 
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the hepatic excretion of albumin-free bilirubin [44,45]. 
The relative contributions of the two processes to the 
overall result are unknown. 

The complete mechanism of phototherapy is still 
unknown. It is reasonable to suppose, however, that the 
initial event in. the process is absorption of,light by 
bilirubin in peripheral tissues leading to the formation 
of excited-state bilirubin molecules. If this is true 
then the biochemical mechanism which leads to the observed 
phototherapeutic effects must depend on the behavior of 
this excited species. The excited bilirubin molecule may 
undergo one of three processes as shown in Figure 8. It 
may Simply decay to the ground state and transfer most of 
its photochemically obtained energy to the surrounding 
tissue (thermal deactivation). Excited bilirubin may also 
transfer its energy of excitation to some other molecule 
(quenching) resulting in ground state bilirubin and an 
excited quencher molecule. Third, it may undergo a 
chemical reaction with itself or some other metabolite 
resulting in formation of photteproducts. 

There are five known photochemical reactions in which 
Dilirubin Ppattteipates. A brief, discussion, of each 1s 
given here along with a discussion of the degree to which 
each would be expected to occur in the body during 


phototherapy. 
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Expected reaction pathways of triplet state excited Bilirubin (B*) 


1) conversion to ground state 
2) quenching 
3) chemical reaction 


Figure 8 
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iO .2 6©696CONnVe Sa Ons ito4 4 45% nm Pigment 


When solutions of bilirubin in aqueous albumin or 
serum solutions are irradiated with a mercury lamp, the 
pigment is partially converted to a compound which absorbs 
at 443 nm [46]. The yield is greatest when albumin is 
present. The compound is believed to be the same as that 
isolated by Kapitulnik [47]. This compound has never been 


detected in vivo during phototherapy. 


O22 wHolLolsomenrizetion 

The photoisomerization products of bilirubin have 
been identified [48]. The overall reaction is believed to 
be a free radical process, and is most easily detected 
under sanaenobi cuiconda.t Lons.s « Lherelill—o. and xX LLI a, 1somer 
haves never. been detected nawivyoO during; phototherapy. The 


only natural isomer appears to be the IX-a isomer. 
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When bilirubin is irradiated in the presence of 
aLcoiols Or aciiols;, mnotoadditaon: to the exoviny. group 
eccurs (49]..4) An fonic mechanism. involving thefirst 
excited state of bilirubin has been proposed. The 
reaction is slow unless oxygen is removed from the 
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owe “Phovo-oxidetion to Biliverdin 

Although the yield is very low, the formation of 
biliverdinm during irradiation of bilirubin is well 
known. The yield is maximized by using large starting 
concentrations and nonpolar solvents [50,51]. It appears 
to be a free radical process, and as such should be 
Favored by sine @ineslcuUmo nding Of albumin: toy biliverdin 
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P05) Photo-oxygenation 


Photo-oxygenation has been the most extensively 
studied photochemical reaction of bilirubin. In the 
presence of air and light, bilirubin decomposes. The 
major products of this reaction (Figure 9) have been shown 
tobe smono-fanGa dioyrrolicycompounds [51753]. “The 
mechanism involves photosensitized formation of singlet 
oxygen by bilirubin followed by rapid reaction of singlet 
oxygen with biffirubin (54). Bilirubin is a poer singlet 
oxygen sensitizer; thus by adding better sensitizers such 
as certain porphyrins or methylene blue, the reaction can 
be accelerated. Singlet oxygen appears to attack 
bilirubin via 1,4 addition across the pyrrole rings and/or 


by 1,2 addition to the bridge double bonds. 
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Photo-Oxygenation Products 
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R= H or CH, 
P = CH,-CH,-COOH 


Figure9 
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136 ¢6 Summary 


The first four photochemical reactions appear to be 
Slow processes, three of these being free-radical 
processes and the other possibly an ionic one. The first 
three are inhibited by the presence of oxygen. The fifth, 
however, is a fast nonradical process which requires 
oxygen. The evidence has shown that bilirubin, like many 
dye molecules, can undergo both radical and nonradical 
reactions. Based on the present knowledge one would 
expect only photo-oxygenation to occur to an appreciable 
extent during phototherapy. Since oxygen is far more 
soluble in nonpolar and lipoprotein media than in water 
[Sot eaten kel ye tChabebilammioin, found inthe. fatty 
tissues will undergo photo-oxygenation much more easily 
Ehiahwsoi evr iol nai «thes SeluUMm-mmGin addi tton, (Dblirubin in 
the fatty tissue is in general much closer to the skin 
surface than is the serum bilirubin. The present 
concensus is that photo-oxygenation of bilirubin is 
primarily responsible for the skin bleaching and formation 
of excretable photoproducts. What about the other effect 
of phototherapy, i.e. the decrease in serum bilirubin? At 
present a mechanism to explain this has not been put 
forth. Since covalent bonds would be neither made nor 
broken, the process probably does not involve chemical 


reaction of the excited state bilirubin molecule. One 
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possibility may be some type of photodissociation from 
binding sites via isomerization or a conformational change 
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GHAPTER) 2 


THEORETICAL CONSIDERATIONS OF THE TECHNIQUES EMPLOYED 


2,00 INTRODUCTION 


For the past fifteen years there has been rapid 
growth in the utilization of spectroscopic techniques for 
in situ monitoring of electrochemical reactions which 
occur at the electrode-solution interphase during 
electrolysis. Progress has been realized in the study of 
adsorption [56-58], double layer structure [59], metal 
deposition [60], reaction kinetics [61-63], film formation 
[64], and identification of reaction intermediates [65]. 
Reflectance spectroscopy is, in general, (depending on the 
system under investigation) extremely sensitive to the 
changes which occur in the interphase. Concentrations as 
little as 10713 mol-cm7* of electrochemically generated 
species have been detected [66,67]. 

Specular reflection spectroscopy monitors the change 
in intensity of the reflected beam between two electrode 
potential states. Reflection spectroscopy is easy to 
perform and is in general a very flexible and rapid 


technique for observing intermediates. 
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The first technique used to monitor an absorbing 
species during an electrochemical reaction was internal 
reflection’ spectroscopy [68,69]. An attribute of this 
technique is that one is not hindered by having to pass 
light through strongly absorbing reaction solutions before 
it contacts the electrode surface. The technique is 
limited by the availability of suitable electrodes, i.e. 
theyemustebe conducts vegandjopticadly,transparent togiaght 
in the optical frequency range under investigation. Thin 
metal films deposited onto optically transparent 
substrates, and the use of some semiconductor materials as 
electrodes have helped circumvent the problem [69,70]. 

The mathematical treatment of the experimental results is 
in general difficult to apply. 

Another popular technique has been conventional 
transmission spectroscopy employing optically transparent 
electrodes (OTE) [69,70]. The conventional use of this 
technique is not suitable for the detection of short lived 
intermediates due to the extremely small perturbations 
involved in the total transmitted beam caused by the 
intermediate species, which as stated earlier may only be 


present in typical steady state concentrations of 10713 


mol-cm7*. More specifically, OTE's often have high 
resistances which may not be corrected for by efficient 


cell design. This can result in uneven potential 
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distribution across the electrode distorting the 
electrochemical currents under investigation. OTE's also 
absorb a significant fraction of the incident radiation. 
Modulated specular reflectance spectroscopy (MSRS) 
has been successful in overcoming the problems associated 
with the other spectroscopic techniques. MSRS has the 
greatest sensitivity of the group, and can be used in the 
ultraviolet [71], visible [72], and infrared [73] spectral 
regions. For the elucidation of an electrochemical 
reaction mechanism where homogeneous reactions of the 
intermediates, products, or reactants may precede or 
follow the electron transfers, the use of the following 
general plan is recommended [74]. 
i) e4Pertorm Convent ronal *deVand' “ae *cyelie voltammetric, 
chronoamperometric and coulometric electrochemical 
experiments on the system. 
II) Perform modulated reflectance spectroscopy as a 
function of wavelength simultaneously with the 
electrochemistry to obtain an absorption spectrum of the 
intermediates and products at the various potentials. 
III) Obtain absorbance/time transients at the absorption 
peak wavelengths with the same experimental apparatus in 
order to kinetically follow the formation and decay of the 


absorbing species. 
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IV) If possible, prepare by independent methods the 
intermediates and/or products for conventional 
electrochemical and spectroscopic studies for positive 
identification of suspected species. 

V) Isolate final products of the reaction. 

Ideally, one will be able to obtain an absorption 
Spectrum for each of the intermediates and products along 
with the kinetic behavior. Often the details of the 
kinetics and/or reaction mechanism may not be elucidated 
with a single technique because of one or more possible 
schemes giving rise to identical results for that 
technique. The addition of data from a completely 
different physical technique performed on the same time 
scale often allows for differentiation of the 


alternatives. 


2.2 REFLECTANCE THEORY 


The expected response to an MSRS experiment can be 
derived via the following considerations. For an 
electrode process with no homogeneous kinetic 


complications 
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the absorbance-time profile has been shown by Kuwana [75] 


to be 


for a transmission optically transparent electrode 
experiment. A(t) is the absorbance, ¢, is the molar 
extinction coefficient of the reduced species, F is the 
Faraday, nis the number of electrons involved in the 
reaction, A is the electrode surface area and i(t) is the 
current response as a function of time. When both the 
oxidized and reduced species absorb at the wavelength of 
the incident radiation, then Ae [76] must be substituted 


into Equation (2), where Ae = ¢€ ive. the 


ae Ox 
difference in molar absorptivity of the redox pair. The 
optical path for a MSRS experiment is depicted in Figure 
10. Since the beam passes through the diffusion layer 
twice at an angle of incidence 6, the absorbance must be 
corrected for non-perpendicular transmission. From Figure 
10 we see that the actual optical path is 2x/cos® where x 


is the perpendicular distance coordinate from the 


electrode surface; thus the absorbance will be 


2AE c 
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The coordinate system used in 
specular reflectance spectroscopy. 
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We choose to meaSure the change in reflectance as the 


normalized value 


AR R= (RT oR / RG (4) 


Ripetcm eile se iMemGepencenteler lectance at) pOcent lake ky, 
(wheres ther taradaic process toOllinterests (occurs )),* and) Rat is 
the reflectance at the base potential Eg, where no 


faradaic process involving the substrate occurs. We note 


that 
YETGARZR aul gee vRy t= Ro hZRp o=7R]/Ro (5) 
letting R = Rg by normal convention. From Beer's law 
Dive eK lOGmhyy Rye / 2.303) ine Ry / RG (6) 
Thus 
Mites (C= 1/2303 ine CAR/R. is) (7) 
or 
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fhws trom \eEquatwony(3)) 


t 
meee 2A€ 
_ -4.606 Ae fot OB) oe 

nFA cosé 4 (8) 


For small values of AR/R, the logarithmic term is Taylor 


expanded to 
Ine GAR/ RPE ld), 2240/7 R (9) 


This approximation is quite valid since AR/R in our 
experiments is yo73 - 100°, and the second term in the 
expansion is quadratic in AR/R. Using this approximation, 


we finally arrive at the working equation 


-4,.606 Ae i 
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2.3 SINUSOIDALLY MODULATED AC REFLECTANCE SPECTROSCOPY 


Recently a powerful new spectroelectrochemical 
technique has been developed in this laboratory [77]. The 
technique has been termed SMACRS - Sinusoidally Modulated 
AC Reflectance Spectroscopy. It has been shown that if : 


small amplitude sinusoidal perturbation is superimposed on 
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a Slowly varying cyclic potential ramp applied to an 
electrode, the output of a lock-in amplifier monitoring a 
photodetector collecting the light beam reflected from the 
actives electrode) sumfiacer minrors, thei changing! current; 
corrected ac voltammetric response. This technique 
provides both the qualitative and quantitative information 
of ac voltammetry, along with the species resolution 
advantage of spectroscopic observation. The selectivity 
attainable with SMACRS has made it especially useful in 
the deconvolution of overlapping voltammetric waves as is 
the case exhibited in bilirubin voltammetry. It is 
extremely useful for qualitative diagnosis of complicated 
reaction schemes. 

As was previously stated, SMACRS was employed herein 
only as a qualitative tool for the investigation of the 
DrlitubinsOxidatrvon mechanism.ssonly sa brief discussion of 
the theory is given here; details are given elsewhere [77- 
79). As was derived for general modulated specular 


reflectance spectroscopy: 


- 4.606 de | 


ies So pENecoss 0 


MEd ote he Ci) 
For a quaSi-reversible electrode process, the fundamental 
harmonic current resulting from the superposition of a 

small ac sinusoidal wave on some dc bias potential is 


given by [78] 
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I(wt) = I F(t) >G(o)= sim (ot 4 2) C12) 


rev 
Here, F(t) and G(w) are functions which take into account 
the effects of non-nernstian behavior on the dc and ac 
time scales respectively. w is the angular frequency, t 
rs. the’ <bame,. 41 is the fundamental harmonic faradaic 
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Deey 80°) OF PS te BeeG a 2RT (16) 
@ere the transfer coctricienty pola), Eq tothe bias 


potential, and Ethie is the half wave potential. We see 
that the fundamental alternating component of the 
reflectance response can be found by substitution of 
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using the normal assumption that F(t) remains constant 
with respect to the ac time scale. R(wt) is now defined 


as the normalized reflectance parameter: 
R(wt) = AR/R (wt) (18) 


After integration of Equation (17) we are left with 


WA y6068Ac 


Nahe) w NFA cosé rev 


PMt GAO) COSUit S70), (19) 
The ratio of the magnitude of the fundamental harmonic 
current to the corresponding reflectance parameter is 


given by 


reCat.) ae cos 8 
Rot) 4.606 Ae (20) 


This is the relation that may be used for the 
determination of extinction coefficients or n values. It 
should be noted that at any given frequency, the 
alternating reflectance is just a multiple of the 
corresponding alternating current. Hence the mathematical 
treatment of ac voltammetry also applies to the data 


obtained from a SMACRS experiment. The inherent 
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sensitivity associated with this type of reflectance 
measurement, along with its simplicity, makes SMACRS a 


very attractive spectroelectrochemical tool. 


2.4 DC CYCLIC VOLTAMMETRY 


For most potential sweep methods, the electrode 
potential is changed linearly with time, so that the 


potential may be written as 
Sh oe Ey eC C21) 


where E; is the initial potential, and v is the potential 
Sweep rate in v-s-l, and t is the time in seconds. 
Unidirectional or cyclic sweeps between two limiting 


potential values may be employed. For very slow potential 


sweeps the reaction 
OFT enemies R (22>) 


will show current-potential plots which one would expect 
from the theory of steady state experiments. As v is 
increased a peak will appear in the I-E curve, becoming 
more and more prominent. The peak is caused by both Se: 


rapid depletion of reactant concentration in the diffusion 
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layer, and by the high mass transfer rates caused by the 
imposition of a non-steady state. If the rate of electron 
transfer is sufficiently high so a nernstian equilibrium 
can be maintained at the electrode surface (a reversible 
reaction scheme), then the peak current density for a 


cathodic response of reaction (22) is given by [80] as 


We Pet D he Sel get ee eae ee or aL 25°C (23) 


fee) 


Co 


is the concentration of the oxidized species in the 
bulk solution, D, is the diffusion coefficient of the 
Oxidized species, and the other terms are as previously 
defined. The peak potential will be independent of sweep 


rate and is related to the polarographic half wave 


potential (Ey 72) by 
Ey aah 2i pie 29/D Volts (24) 


If the reaction under investigation is sufficiently 
slow compared with the potential sweep rate, then the 
surface concentration of O and R will no longer follow 
nerstian values. Instead of obeying Equation (23) the I 


p 
will approach the following at large sweep speeds [81]: 


Ty = 2, 0.9% x 10° n(an,)+/? Dias C. yif2 ate 2orC (25) 
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and 
ED - En /2 =aels8/an Volts (26) 
D_Fv 
ee coer Thao 6 
Ep)” ESthevence [0.78 + 0.5 In (—S.2—) - In kg |] Oe 


where a is@thetstandardtelectrede potential; n,@isjthe 
number of electrons transferred prior to and during the 
rate determining step, eae is the rate constant for 
electron transfer at. the standard electrode potential, R 
is the gas constant and T is the absolute temperature. 
The other terms are identical to those previously 
mentioned. By plotting peak height, shape, and position 


: t 
as a function of sweep speed, then a, n and k, can be 


a? 
determined. The most immediate qualitative difference 
between this and the reversible case is that here the peak 
potential is dependent on the sweep rate: there is a 
30/an, mV shift per decade in sweep rate. 

Providing R is stable, a reverse sweep back to the 
initial potential will produce a second peak equal in 
height but opposite in sign. This peak corresponds to the 
Oppositesreaction (oxidation of Rk)... The; peaksallows-for 
the measurement of a new kinetic parameter, the peak 


separation AE For a fast reversible process AE, is 
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found to be 0.059/n V, and is independent of sweep 

speed. When the sweep rate is increased to the point 
where nernstian equilibrium is not able to be maintained, 
then LED will begin to increase with v; the shape and 
position of the peaks will depend again on a, v, and x. 

Although quantitative data can be obtained from 
cyclic voltammetry, its major use has been in the rapid 
qualitative elucidation of reaction mechanisms. Cyclic 
voltammetry allows for observation of a system over a wide 
potential range. Ina single experiment, intermediates 
can be directly observed, and their possible 
identification implied by the potential at which they 
Oxidize or reduce. One can often gain immediate 
information about the reaction mechanism from peak 
separation, peak height ratios, the absence of reversible 
peaks, the appearance of new peaks on the subsequent 
SCans, sO eer. 

There are two main experimental factors that must be 
considered while interpreting cyclic voltammetric 
responses: ERS duopaandachabgung current. — FOr ar properly 
designed cell and a highly conducting solution the scan 
bate "is practically limited itomabout» 50 v-s7l; more often 
the limit is much less. iR, drop is explained in detail 


in the next section. However, it should be mentioned here 


that it will cause distortions of the peaks, and may shift 
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the potentials. This trouble is more pronounced at higher 
sweep rates since a larger current results. The effects 
of iRy is very Similar to those caused by a small ee 
value, i.e. an irreversible electron transfer reaction. 
These effects may be distinguished by comparison with a 
known reversible system using the same cell and 
electrolyte. 

The problem of charging current is due solely to a 
nonfaradaic process. It is caused by a reorganization of 
the ions in the electrical double layer in response to the 
changing electrode potential. The magnitude of the 
charginge current. is» dimectilys, proportional, ‘to. dE/dty,» de. 
the sweep rate, v. As the sweep rate is increased the 
charging current will increasingly mask the faradaic 
current since the former increases as v and the latter as 
vi/2, correction is usually made by subtraction of the 
current obtained in an identical cell not containing the 


electroactive species. 


2.5 wAC. GY CLICAVOLTAMMETRY 


Cyclic ac voltammetry was used as a tool for the 
investigation of electrode processes during bilirubin 
oxidation. This technique is powerful because it retains 
the best features of two complimentary methods, 


conventional ac and dc cyclic voltammetry. 
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Heterogeneous kinetic reversibility is characterized 
in the dc cyclic experiment by a forward and reverse 
current peak separation of 59.2/n mV at 25°C regardless of 
potential sweep rate. In the ac experiment, reversibility 
is manifested in superimposed forward and reverse waves, 
and by half height peak widths of 90/n mV regardless of 
scan rate. The chemical stability of the reduced form is 
demonstrated in the dc experiment by a peak current ratio 


1,,r/ip,¢ Ofwuntity pewheren1 Istihey reverse vsweep speak 


prr 


intensity, and in,f is the forward sweep peak intensity. 
For charge transfer reversibility the same ratio 
determined in the ac experiment is used. The advantage to 
the ac cyclic experiment is that a good flat baseline is 
present from which accurately measured currents are 
available. This reference is not easily found in dc 
voltammetric experiments in general. 

When dec reversibility does not hold, then the 
Situation can become quite complex. The mean surface 
concentrations at a given dc potential tend to depend on 
the way in which that potential is reached. The surface 
concentrations at any E,, will differ on the forward and 
reverse scans, thus we can expect the corresponding traces 
LOuGitrter ine thewacavolLtannogram., in ithecdcevcyclic 


voltammogram, an increasingly slow electron transfer 


causes greater splitting of the forward and reverse peaks 
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Since larger activation potentials are needed to cause 
charge transfer. This peak separation is also caused by 
the fact that the surface concentrations undergo the 
transitvon sfromaneaugiy pure ‘O° (to virtually pure "=R” in 
different potential regions for the two scan directions. 
Since the ac voltammogram shows a response only in the 
potential regions where an electron transfer takes place, 
we can expect the ac voltammogram to show split peaks that 
are aligned with the forward and reverse dc voltammetric 
half wave potentials when the dc scan rate is very slow 
and a is large. It has been shown that a crossover 
potential exists, where the forward and reverse scans 
yield the same response. The potential where this exists 


is rigorously shown [82] to lie at 
ie) = E1/2 + RT/nF In (a/l1-a) (28) 


All terms are as previously defined. This equation is 
often used for the evaluation of the charge transfer 
coefficient. The system under investigation will 
generally dictate the degree to which quantitative 


information can be obtained. 
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CHAPTER. 3 


EXPERIMENTAL 


Sel OP Bet PORE Be PROCHEM DS TRY 


MSRS was utilized to obtain absorbance spectra of the 
intermediates involved in a given electrochemical 
reaction. To do this a phase sensitive detection system 
was employed. A scanning monochromator running typically 
at 10 A-s7! is slow enough to assure that the absorption 
maxima of the species are not distorted. The other 
typical instrumental parameters are listed in Table l. 
Under those conditions a steady state spectrum of the 
given species was observed. The spectra obtained were 
consistent with those spectra built from a transient 


method described in the next section. 


Sele ee Op ernEZoeLOn 
The pulse length at the working electrode must be 


properly chosen. If the pulse is too short, then 
intermediate formation may be outrun by the experiment. 
The modulation frequency must not be 60 Hz or any low odd 
harmonic thereof due to excessive line noise coupling to: 


the Optical signal. coper Grounding must: also; be 
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Hableat. TypicaliMSRs conditionssatorebi lirubin® oxidations 


Substrate Concentration 


Reference Electrode 


Modulation Frequency 
Modulation Pulse Height 


Phase Sensitive Detector 
Sensitivity 


Phase Sensitive Time 
Constant 


Recorder Sensitivity - X 


ve 


Le mM 


Ag/Ag*t (0.1 M) in DMF 
0; LOM Supponting ve lectrolyte 


40 Hz 


ee OMe CON LU a UME, 
130 mV7V 


es 


250 mV cma 


25.0) mV cm! 
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assured. Ground loops can cause a great deal of noise and 
unreliability. When the system is working properly only 
white noise from the photomultiplier tube (PMT) should be 
observed on an oscilloscope display. The potential limits 
at the working electrode should be from a non-faradaic 
region to an upper limit 200 mV beyond the peak potential 
observed on a cyclic voltammogram. Under these conditions 
One is pulsing from an unreactive potential to a potential 
where the reaction is completely diffusion controlled. 

The concentration profiles of the reactant and products 
are thus defined by known equations or can be predicted 


from simulation techniques. 


3.2 MSRS INSTRUMENTATION 


MSRS can best be described with the help of a block 
diagram of theyapparatus, Figure 11... Light froma high 
intensity mercury xenon lamp was passed through a high 
throughput’ GCA MacPherson 201 monochromator to select the 
wavelength of choice. Depending on the application the 
light may (adsorption studies) or may not (homogeneous 
studies) be polarized before being reflected off the 
working electrode. The potential of the working electrode 
was controlled by a Hi-Tek DT2101 potentiostat and PPRI1 
waveform generator. The reflected light was collected and 


then focussed onto a photodetector. The output of the 
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photodetector was then amplified and fed into a Signal 
recovery system. This was either a phase sensitive 
detector/lock-in amplifier if spectra were being recorded 
or a digital signal averager for transient recordings. 

The electrochemical process was perturbed repetitively by 
modulating the electrode potential with a square wave, a 
triangular sweep or some other appropriate repetitive 
profile. The signal recovery system ignores the average 
steady state output of the photodetector and locks onto 
the small optical absorption component fluctuating in step 
with the applied reference modulation. This component 
corresponds to the small changes, AR, in the reflectivity 
of the working electrode at the two potentials. When the 
wavelength is altered as in the case of scanning modulated 
reflectance spectroscopy, the light intensity of the 
source also changes. Thus, it was necessary to normalize 
the reflectance to the background at all wavelengths. If 
a photomultiplier was being used as a detector, this could 
be accomplished by an optical feedback system which 
adjusted the PMT power supply to maintain a preselected 
constant dc anode current. The output was thus AR/R. 

When a photodiode was being used, this adjustment was not 
possible, and the background dc reflectivity of the 
electrode, R, had to be noted for each wavelength. 


Finally the output of the signal recovery system, AR, was 
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normalized by dividing by the average electrode 
reflectivity at each wavelength and all results are quoted 


as the relative reflectivity change, AR/R. 


3.3” TRANSTENT “RECORDINGS "OF ELECTROCHEMICALLY INDUCED 


INTERMEDIATES 


The absorbance transients of the intermediates were 
atodtalily stored invamiit—lek.5ol2 (word, 10 bit signal 
averager. The instrument was triggered by a Hi-Tek PPRI1 
waveform generator such that transient recording would 
begin at the same time that the electrode was pulsed into 
the potential region E, (oxidation of the substrate). The 
data acquisition time was adjusted to include the 
absorbance decay when the pulse was terminated. In some 
cases, in order to observe only chemical kinetic control 
after the initial pulse, the system was open circuited at 
therendVor the=piwise erether thaw pulsing back “to Ea). 'This 
was accomplished by inserting a mercury-wetted reed relay 
circuit in the secondary electrode lead. The relay was 
triggered to open circuit by a TTL pulse from the waveform 
generator which was available at the end of the main 


pulse. The waveform timing sequence is shown below. 
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Working electrode potential pan pun ORR ces ys Shee Mica ees 


WRT reference 


Waveform generator trigger an] EEE ee ee 


for averager 


Waveform generator trigger Bet firs 9 bras ced rca | ht 


for reed relay 


Signal averager status 
Transient stored ABN, Aiea on yas easy ci 


Most transients consisted of a 1-50 ms electrode 
pulse, and a 100-500 ms open circuit. Delay times of up 
to 16 s were employed in order for sufficient time to 
elapse to restore the cell to essentially original 
conditions. The number of cycles averaged would dictate 
sensitivity; between 1 and 512 cycles typically were 
averaged and digitally stored. 

The wavelengths chosen for transient studies were 
determined from the absorbance maxima obtained from the 
scanning method described in the previous section. The 
spectrum built from transients can be compared to that 
obtained by the scanning method. This is accomplished by 
collecting transients at a variety of wavelengths and 
noting the magnitude of absorbance at a given time. These 
"pbDoint by point" spectra gave the same maxima as those 
found from the scanning method. These, however, are time 


resolved and of quantitative value. 
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3.4 SMACRS INSTRUMENTATION 


The instrumentation for SMACRS is shown in Figure 
12. Light from a 200 W Hg-Xe lamp was passed through a 
GCA MacPherson 201 monochromator, and then focussed onto 
the electrode surface in a conventional reflectance cell 
(see Figure 12). After reflection, the Wight’ was focussed 
onto the window of a RCA 31000M photomultiplier tube. The 
PMT was powered by a high voltage source, and the output 
Circuit contained a current feedback loop so that AR/R 
could be measured directly by a PAR model HR-8 lock-in 
amplifier. The reference signal for the lock-in amplifier 
was taken as the actual potential applied to the working 
electrode, which was available between the working 
electrode and reference electrode. The high impedence 
reference electrode was isolated by a high input impedence 
voltage follower at’ the reference electrode. The output 


was recorded on a Hewlett-Packard 7045A recorder. 


3.5 VOLTAMMETRY INSTRUMENTATION 


Cyclic voltammetry was performed using a Hi-Tek 
DT2101 potentiostat and a Hi-Tek PPR] waveform 
generator. The voltammograms were recorded on either a 


HR-2000 x-y recorder or a Hewlett-Packard 7045A 
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Instrumentation for SMACRS 


A. Power supply for lamp. 
B. Lamp 
C. Monochromator 
D. Electrochemical cell 
E. Potentiostat 
F. Waveform generator 
G. Oscillator 
H. PMT 
I. Current follower 
J. Integrator 
K. PMT high voltage source 
L. Lock-in Amplifier 
M. Recorder 

Figure 12 
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recorder. For rapid scan voltammetry, i.e. Sweep rates 
greater than 4 v-s~!, a Hi-Tek AAl 512 word Signal 
averager was used. 

The kinetic cell used is. shown ini Figure 13. The Pt 
wire working electrode was 1.0 cm in length and 0.1 cm* in 
area. The secondary electrode consisted of a Pt basket 
placed concentrically around the working electrode. The 
cell voltages are referenced to Ag/Agt (0.1 M) in DMF. 

The reference electrode was isolated from the working 


compartment by a Luggin probe and glass frits. Reported 


potentials are inclusive of junction potentials. 


3.6 ELECTROCHEMICAL CELL PARAMETERS 


There are Six basic factors which should be 
considered when employing a cell for electrochemical 
experiments. I) It must be possible to accurately 
measure the potential at the working electrode. To 
accomplish this, a three-electrode cell should be used. 
The current is passed between the working electrode and 
the secondary electrode. A Luggin reference probe placed 
very close to the working electrode surface is used to 
monitor the potential at the working electrode with 
respect to the unpolarizable reference electrode. II) 
The current density must be constant over the entire area 


of the working electrode. This is accomplished providing 
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Cell Configuration Used For 
Electrokinetic Measurements 


. Reference electrode 
an erit 

. Luggin 

. Gas inlet 

. Gas Exit 


Figure 13 
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every point on the working electrode is equidistant from 
the secondary electrode. In practice this is not a large 
problem; however, it should be remembered that an 
improperly placed Luggin probe will interfere with the 
UNLTEOrmMity -Of “the current distribution. I11) The design 
of the cell should conform to the model used to develop 
the theory of the experiment. For example, the cell 
geometry may define conditions for simple linear 
Grvebuslon, Spherical diEtusion, CY hindrical "dittusion, 
etc. IV) The reactions at the secondary electrode must 
in no way interfere with the processes at the working 
electrode. The area of the secondary electrode is always 
chosen to be much larger than the working electrode. In 
doing so the current can only be limited by the processes 
at the working electrode. If a species is produced at the 
secondary electrode which may react at the working 
electrode, a frit or membrane may be necessary to separate 
the two electrode processes. This is usually not a 
problem for short timescale experiments. V) It is 
desirable to place the working and secondary electrodes as 
close as possible to minimize cell resistance. This 
reduces resistive heating of the cell solution. VI) The 
shape and placement of the Luggin probe is directly 
related to the difference between the potential which the 


probe monitors and the potential which actually exists at 
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the working electrode. The difference is eG where R, is 
the uncompensated resistance of the solution between the 
electrode and the Luggin tip, and i is the current flowing 
through the cell. Moving the Luggin closer to the 
electrode will minimize this problem. However, a second 
problem 1S. intreduced: “shieldimg"! of jthe working 
electrode which was discussed in II. The best compromise 
is that the Luggin tip be placed 2d away from the working 
electrode where d is the diameter of the tip. Since 
shielding and iR, drop are reciprocal effects there is an 
optimal location where the two effects are maximally 


obtsett (63). 


3a OPTICAL CELLS 


3.0. bp thesket lectance™Cerl 

For MSRS, SMACRS, and transient recordings, the same 
cell was used. The cell consisted of three electrodes: a 
Pt working electrode, a Pt secondary electrode and an 
Ag/Ag* (0.1 M) reference electrode. The cell is shown in 
Figure 14. It was constructed of Pyrex glass with two 
quartz windows at right angles to each other (see Figure 
TOs for the optucaa path: throughetire cea |). “The. cell 
volume was 100 mL. The working electrode was mounted in 
the cell such that it was centered directly in front of 


the optical windows. The working electrode was 
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constructed by mounting a highly polished Pt cylinder onto 
the end of a long brass cylinder. This unit was then 
heat-shrink fitted into a hollow Kel-F cylinder, so that 
the assembly was inert to acids and organic solvents. The 
electrode face was polished with the aid of a mandril. 
Decreasing sizes of alumina polishing compound were used, 
the last being 0.05 um diameter. The secondary electrode 
was placed in the cell 30 mm in front of and parallel to 
the working electrode. It was fabricated from a 10 mm 


Giameter Pt disc. 


Sa con new Photochemical cena 

The optical cell used for photoelectrochemical 
experiments is shown in Figure 15. This cell 
configuration was employed to electrochemically measure 
the production of biliverdin during the photo-oxidation of 
bilirubin. Light passed through the quartz window at the 
front of the cell for a divem period of time.) Any 
biliverdin which was photochemically produced was then 
electrochemically reduced back to bilirubin by applying 
the proper potential to the working electrode. The 
working electrode consisted of a Pt mini-electrode located 
directly behind the optical window. The counter electrode 
was placed 30 mm directly behind the working electrode and 
consisted of a 10 mm diameter Pt loop. The reference 


electrode was separated from the working electrode by a 
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Electrochemical Cell For Photo-Oxidation 
Electrochemical Reduction Studies 


Reference Secondary 
Compartment Electrode Gas Ports 


ae 


Window 
ae Working Electrode 
; Inserted Here 
Luggin 
Capillary 


Side View 


Clamping 
Nut 


Working Electrode 


Platinum KEL-F Brass O-Ring 
Disc Sleeve Shaft 


Figure 15 
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Luggin probe. The cell was constructed of Pyrex and held 


S50'mL Of solutzon. 


30/23, (hevhlectralysis Celis 


Bulk electrolyses were carried out in a specially 
designed glass cell (Figure 16A). The working compartment 
was 50 mL. The working electrode consisted of a Pt mesh 
separated from the secondary electrode by two glass 
frits. The reference electrode compartment was separated 
from the working compartment by a Luggin probe and a wet 
stopcock. The reference electrode was identical to that 
used for voltammetry. For small scale electrolysis a 
prep-cell was utilized (Figure 16B). This cell was 
employed for rapid production of bilirubin oxidation 
products, which is possibly due to its large electrode 


area to solution volume ratio. 


3-154 9 The )Spect ral Blegturolycis. ell 


Often it is desirable to obtain a gross spectrum of a 
product or intermediate being created at an electrode 
surface in a quick and easy manner. In the past optically 
transparent thin layer electrode (OTTLE) cells have been 
employed. They have, however, a serious drawback in 
nonaqueous solvents. It is difficult in these cells to 
obtain a voltammogram of quality sufficient to resolve the 


potential at which the species under investigation is 
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Diagram of Electrolysis Cells Used For 
Biliverdin/Purpurin Production 


A B 


. Working electrode 

. Secondary electrode 

. Reference compartment 
. Luggin probe 

. Glass frits 


. Gas port 


(B) Prep Cell 


Figure 16 
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produced. This is caused mainly by the poor electrode 
geometry and high resistance. The secondary and reference 
electrodes are located externally, and the current 
distribution is very poor at the minigrid. These cells 
are constructed using two glass plates which sandwich a 
gold or platinum minigrid working electrode, and are held 
together with epoxy glue. There can be a problem in 
solvents such as DMSO which readily dissolve this glue. A 
new cell was designed [84] so that these two limitations 
were effectively eliminated. The cell and mount are shown 
in Figure 17. The working and secondary electrodes were 
Pt; the former a mesh, and the latter a pair of straight 
wires symmetrically placed parallel to the working 
electrode and located between the plates. The two quartz 
plates were 3 mm thick. The separation was <.2 mm. The 
cell was mounted in a Teflon boat which held 5 mL of 
solution. Capillary action drew the solution up between 
‘the plates. Three holes were located on the top of the 
mount. They allowed for placement of the Luggin probe, 
and the purge gas inlet and outlet. The entire unit fit 
inside the sample compartment of a Cary model 14 
spectrometer. The cell was aligned such that the optical 
path passed directly through the center of the working 
electrode mesh. The electrode leads and the gas line were 


also fed into the sample compartment. With a 
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Thin Layer Optical Cell 


2 quartz 
plates 


. Secondary electrode (2 wires) 


. Working electrode (grid) 
. Reference compartment 
. Teflon solution boat 


. Gas ports 


Figure 17 
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potentiostat, waveform generator and a recorder, it was 
then possible to obtain a voltammogram of high quality and 


monitor spectral changes as a function of potential. 


328 ~<PREPARAT TONS 


S50. Si LruDI nN eumiiroat Lon 

Due to poor analytical response to the simpler 
physical tests of purity, such as the fact that bilirubin 
has no melting point, and that chromatography is 
inadequate to assure purity on the 99% level, a better 
criterion of purity for this compound is usually based on 
Spectroscopic response. 

Purification of commercial bilirubin was performed by 
the following procedure. Commercial bilirubin was 
dissolved in chloroform by boiling 5-15 s while under 
pefiuxs CAMconcentration sof ese 0=1 200 mg-mL~ 4 was 
obtained. The solution was then cooled to room temp- 
erature. A column of anhydrous sodium sulphate which had 
been wrapped externally with aluminum foil to prevent 
photochemical degradation was used to separate the 
impurities. Impurities such as biliverdin and mono- and 
dipyrroles remained on the column [27]. Approximately 60% 
of the volume of the eluent was then removed by 
distillation. Crystallization began spontaneously. Care 


must be taken at this stage because if crystallization 
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proceeds too rapidly, occlusion occurs and the volume of 
chloroform has to then be doubled to once again dissolve 
all the crystals. The solution while still hot was 
filtered through a hot water funnel. It was then cooled 
to -20°C for 24 h and an equal volume of diethyl ether 
which had also been cooled was added which served to bring 
out some of the remaining bilirubin. The precipitate was 
collected by filtration, and washed with diethyl ether 
until the ether was uncolored. The precipitate was dried 
ahevVacuogaty, noon temperature, eingthe) darkenstheiyieid was 


50-55 be 


BC. Preparation Of PurenBmliverdin 


Biliverdin «1s the jfireroisolatable product following 
the oxidation of heme [85]. It can also be obtained by 
the chemical/electrochemical oxidation of bilirubin. Use 
of this compound would obviously be invaluable in the 
mechanistic study of bilirubin oxidation, thus the most 
practical synthesis for this verdin in pure form was 
sought out. As previously mentioned several chemical 
methods for the production of biliverdin exist [86-88]. 
These procedures, however, all lead to substantial amounts 
Cf VErainoiGa by-products suchas the Ili—-a;, ‘and’ Alita 
isomers, which are a result of acid catalyzed isomeric 
scrambling of the initially pure bilirubin IX-a isomer. 


Pur pl cateon, Oust biverein 1S .crericult and time 
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consuming. The typical method involves esterification and 
Gen LEC eS 9 it 

Another method for the preparation of biliverdin has 
been employed by Manitto and Monti [90]. In our 
laboratory this method has proved to be the most efficient 
in terms of low cost of materials and total time 
expended. Purified bilirubin was used as a starting 
material. § Only ‘tracesijof the Lli-a and XIlI-a isomer, were 
presents’ Following the bilirubin purification, 300 mg was 
then added to 400 mg of tetrachloro-1,4-benzoquinone, 
alLougaewihtnmolLUemd, Ob pleCrlcmacia.and 20 emlL of t—buitanol. 
This mixture was then added to 500 mL of ethanol-free 
chloroform. The solution was purged with argon for 15 
m. After being properly sealed, the flask was stored in 
the dark for 6-8 d. As oxidation progressed the solution 
changed from orange to dark green in color. When the 
oxidation was complete the chloroform was evaporated in 
vacuo. To the product 100 mL of methanol-benzene (5:100 
v/v) was added. After stirring, the green precipitate was 
collected. This precipitate which is a 1:1 complex of 
biliverdin and picric acid was then washed with benzene. 
The yield of this complex was usually between 75-95 mg. 
To remove the picric acid, the complex was dissolved in 4 
mL of DMSO. This solution was added to 300 mL of ethyl 


acetate, placed into a separatory funnel and washed with 
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distilled water until the aqueous phase appeared 
colorless. This usually required ten extractions. The 
ethyl acetate solution which contained the pure biliverdin 
was then’ filtered, and the product was ‘dried in vacuo. 
40-50 mg (20% yield), of pure biliverdin was obtained. 

The purity was checked using TLC. The eluting system was 
methanol-benzene (5:100). One green spot migrated with R¢ 
= 0.23. A visible spectrum showed peaks at 650 nm and 384 


nm in DMF. 


Sonate LeparatioOn Of Bi liverdin EB lectrochemically 


Biliverdin was also produced following the same 
procedure as that for electrolytic purpurin production 
described in the next section. The precursor was pure 
bilirubin. The conversion was determined to be complete 


by Spectroscopie MONnItoring. 


Soe eee eC ode lon OParlu npn en 


Purpurin was prepared by controlled potential 
electrolysis. Pure biliverdin was used as the 
substrate. Typically 2 mg was dissolved in a minimum 
amount of DMF (*5 mL). The solution was placed into the 
working compartment of the electrolysis cell and brought 
to a workable volume using acetonitrile. The acetonitrile 
provides two functions: (1) it increases the volume so 


that the entire working electrode is covered for maximum 
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electrolysis efficiency and (2) upon completion of 
electrolysismlteisieeas ily removed gin aVaCcuo «to provide, a 
concentrated final product. The supporting electrolyte 
was 0.1 M tetrabutylammonium tetrafluoroborate. A cyclic 
voltammogram of the substrate was taken to determine the 
half-wave potential of 0.23 V. The potential at the 
working electrode was then chosen to be 150 mV positive of 
the half-wave potential. The current through the cell was 
integrated. Oxygen was bubbled through the solution, and 
periodic spectra of the solution were taken to monitor the 
conversion. Upon completion of the reaction (2 C-(mol of 
substrate)~!) the solution was concentrated by vacuum 


evaporation of solvent. 


JO eee Leparallonm Of sUppOne Ing: lect rolyte 


Tetra-n-butylammonium tetrafluoroborate (TBAF) was 
prepared using a modified method of Lund and Iverson 
[91]. The supporting electrolyte was prepared in one mol 
quantities. 340 g of tetrabutylammonium hydrogen sulfate 
was dissolved in 750 mL of distilled water. This solution 
was filtered, and then placed into a 6 L separatory 
funnel. 110 g of sodium tetrafluoroborate was dissolved 
in 650 mL of distilled water, filtered, and added to the 
separatory funnel. Upon mixing, the tetra-n-butylammonium 
tetrafluoroborate immediately precipitated. 500 mL of 


crushed ice was added to the precipitate and the mixture 
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was then thoroughly shaken. 150 mL of methylene chloride 
was then added to the separatory funnel. After thorough 
mixing the methylene chloride-TBAF layer was allowed to 
separate. This layer was isolated, filtered, and added to 
900 mL of ice-cold anhydrous diethyl ether. The TBAF was 
allowed to precipitate for 15 m, filtered, and then 
redissolved in 150 mL of methylene chloride. The TBAF was 
recrystallized two more times, and then dried in vacuo at 


60°C for 72 h. An 80% yield was obtained. 


CHAPTER 4 


RESULTS 


4.1 VOLTAMMETRY 


Cyclic voltammetry was performed on bilirubin and 
biliverdin. The kinetic cell used is shown in Figure 
13. For all de and ac voltammetry the DMF solution was 
0.50 mM in bilirubin and 0.15 M TBAF. The potentials are 
referenced to Ag/Ag* (0.1 M). The dry DMF solutions were 
Saturated with argon for 15 m prior to the experiments. A 
positive sweep at 0.10 v-s~l is shown in Bigure WwsA. This 
sweep from -0.40 V to 0.60 V and back exhibits four waves 
locatedtat -0.21 V, OstOgVve 0.24. Vanand0.47..V." A 
negative sweep (Figure 18B) from 0.00 V to -2.30 V 
exhibits one prominent wave at -1.55 V, and two smaller 
OxLGAatLon waves sate—1 U0 Vi eamde 310,21. Vi. 

Figure 19 shows the bipolar voltammetry of 
bilirubin. When the potential sweep was initiated in the 
positive direction oxidation waves at 0.10 V, and -1.00 V 
alongewatnuLeducr ton Waves eatmen soo. Vi, =) 35 Ve vandal... 35 
V are observed. Figure 19B shows the voltammetric 


response when the potential sweep was initiated in the 
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Voltammetry of 0.5 mM bilirubin in DMF with 015 M 
TBAF and Ag/Ag™ (0.1 M) reference electrode. Sweep 
rate isO.10Vs_!. 


Figure 18 
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Figure 19 


Voltammetry of bilirubin as a function of sweep 
direction. A) positive first, B) negative first 
Parameters are given in Figure 18 
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negative direction. The reduction waves at -0.88 V and 
-1.35 V are observed to be the result to some oxidation 
process since they do not appear until the electrode 
potential has been swept positive. 

Figures 20 and 21 show the voltammetric response of 
biliverdin. For a positive sweep (Figure 20A) two 
oxidation waves at 0.24 V and 0.47 V are observed. A 
negative sweep exhibits two reduction waves at -1.35 V and 
-1.55 V. The same sweep uSing biliverdin dihydrochloride 
(commercially obtained, Figure 20C) has two basic 
differences: 1) the appearance of a wave at -0.90 V and 
2) the coalescing ofthe —l35 V andmaoleros V wavesminto 
Ones DrOaG iwaVewr COM le Somtomo 655. 1V, 

The bipolar voltammetry for biliverdin is shown in 
Figure 21. All of the previously observed waves are 
present regardless of the initial direction of the sweep, 
weth- the exception of (that atv-0.36) V. (This wave was only 
present after the potential has been first swept to 
positive potentials. 

Figure 22 shows the voltammetric changes which occur 
when base (tetrabutylammonium hydroxide) was added to a 
0.5 mM solutionsope bilirubin.) When cycling from —0.40 V 
to 0.40 V at 0.10 v-s7!, the oxidation wave at -0.21 V 
increases quantitatively with base addition and the peak 
at 0.10 V decreases in height. The third oxidation wave 


at 0.24 V was unaffected by the addition of base. 


2 ! : a ay ce; 
bis vie te aevew 4 ' 
7 au 7 0.4 fa Wy 


pee, ; 
actiebixe  amds od es 
: ; p} 


7 


aficp Pamaia sk La. ti me 78 


me ie) Lt. omng Lowe 


ee 


or iS sygpEeh coon Rast: i ce whee 
7 J ¥ nine? 
: ide b= aed > oye . } , 9 fives ¥ Mm. 3 3s 7 


t 
ait a y : 


+e _ 
: io oy 
/' 2£,0- 36 Bovew. att Joubert awe estas cored - ad jeu 


OLLIOTO VIS Fi ih tev k Poet. gerd et. é VAN eves ott? we > , 

= : ; 

jimsd ows Bed (004 stue't = si +14 a pitaton si nen ; 
ry : 


= 
ox, Tih 


aa i “3 


ar 


tt 20. onioeetecs ait 


0+ 46, Dew os Ln “some nee gts. “oe tL id 


Mogeal-+. coe ae imi es ond 
| | ey 


‘eZ ywoute 7 (eo2eu Eire’ saa Vien an a sesogh a = at 


SIS C2eVey cevissce-\ Ly si ¥e 19 wet a 7) oe far 


- 


| a 
110 24w evan agp «oV GMivO~ O68 (SRD “Ge ep qeoee Sr 


? — . 5 _ 
2 = Lieeih) 4 
> dew genta a ame Lad wai a 
, i) . Pe GR ie Be 
. Prrtsy POY 

ee ae 
ae a 


a, - er? (are 
y e sa i - s 
THI30 dokAw asgneia ciate 1 RY 4 
sa | 


g- oP Seho a nate wW tobe sila h — =} aa 
Y 6 fe aes? gpty Elan 4 


4 4 i" 
y ibe wn ey i 
UP tae — ys 
a | 03 tie aa Witt a 
OF 1: ay rs ok 


. na 
vevew chanted “) 
: : ay cea) i 


13 


| (A.U.) 


OV +0.60V 


Biliverdin 


Biliverdin 
Dihydrochloride 


Voltammetry of 0.5 mM biliverdin in DMF with 0.15 M TBAF 
and Ag/Agt (0.1 M) reference electrode. Sweep rate is 


O21:01V spit 
Figure 20 
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O +0.24V +0.60V 


Voltammetry of 0.5 mM biliverdin as a function of sweep 
direction A) positive first, B) negative first. Parameters are 
the same as Figure 20. Figure 21 
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Voltammetric changes of a 0.5mM bilirubin solution 
in DMF with 0.15 M TBAF as tetrabutylammonium 
hydroxide is added. Sweep rate is 0.10 V sec’! and 
the reference electrode is Ag/Ag™ (0.1M) 


Figure 22 
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The effect of acid additions on a 0.8 mM solution of 
DYLinubin is shownin, Figure 23. “A plot of ip vs vi/2 for 
the 0.10 V oxidation wave exhibits a decrease in slope as 
the concentration of acid increases. 

Figure 24 displays the effect of repetitive cycling 
about -1.20 V to 0.14 V. The sweep rate was 0.15 v-sl. 
As the cycling progressed three distinct changes are 
noted: 1) the oxidation wave at 0.11 V decreased slightly 
and then reaches an equilibrium value, 2) the reduction 
wave at -0.88 V rapidly increases in height and also 
reaches an equilibrium value, 3) the oxidation wave at 
-0.82 V increases in height and also reaches an 
equilibrium value. This wave was present in neutral and 
basic solutions but disappears under acidic conditions. 

The effect of cutting short the voltammetric cycle 
between -1.20 V and 0.14 V is shown in Figure 25. 
Starting in the negative direction the reduction and 
oxidation waves at -0.88 V and -0.82 V are absent. After 
sweeping to 0.14 V and then coming negative again both of 
the previous waves are present. However, the species 
responsible for these waves was consumed rapidly since a 
repetitive negative sweep starting from -0.50 V shows the 


complete disappearance of these waves. 
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io vs. V” as a function of acid concentration on 
the 0.10 V oxidation peak. 


Ip (uA) 
40 
A. O mM acid 
B. 0.001 mM acid 
32 C. 0.01 mM acid 
D. 0.1 mM acid 
E. 0.5 mM acid 
ah F. 1.0 mM acid 
G. 20.0 mM acid 
16 
8 
6) 
2 4 6 8 10 
\y/2 
Conditions: 0.8 mM bilirubin 


DMF solvent 

Ag/Ag™ reference electrode (0.1M) 
0.15 M TBAF 

potential limits 0.00 V to 0O.50V 


Figure 23 
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—1.20V 
+0.20V 


Effect of repetitive cycling about —1.20 — +0.14V 
on aO.5mM solution of bilirubin. 

The potential is referenced to Ag/Ag™ (0.1M). 
Supporting electrolyte-0.15M TBAF. 

Sweep rate is 0.15 V sec” !. 


Figure 24 
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Attenuated Voltammetric Cycling about —1.20V 

and +0.14V in a 0.5 mM solution of bilirubin in Figure 25 
DMF with 0.15 M TBAF, using ar Ag/Ag™ (0.1M) 

reference electrode. Scan rate is0.10 Vs! 
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4,2 AC VOLTAMMETRY 


The ac voltammetry of bilirubin is shown in Figure 
26. As the frequency increases, i(wt) at 0.20 V increases 
form biliverdin oxidation./ The -ac current for bilirubin 
oxidation at 0.10 V only increases as the frequency was 
decreased. On the reverse sweep the same trend in the 


bilirubin/biliverdin waves occur. 


4.3 CONVENTIONAL SPECTRA 


ine Visible spectre ofebilirubin’ and its oxidation 
products — biliverdin, “purpurin, and choletellin —vare 
displayed in Figure 27A-D. These oxidation products were 
produced by controlled potential electrolysis using the 
thin layer optical cell shown in Figure 17. The single 
peak at 453 nm characteristic of bilirubin is shown in 
Figureg27A. After four minutes of electrolysis at 0.12 V 
the peaks at 384 nm and 670 nm appear, indicating the 
production of biliverdin: (Figure. 278). Increasing the 
potential to 0.25 V forces the appearance of two new peaks 
ae 350 nm and Do ann AP iguues:/C). Finally at) 0.51. V 
spectral peaks at 312 nm and 487 nm appear (Figure 27D). 

Figure 28 shows the spectral changes which occur when 
biliverdin was subjected to 0.5 mM picric acid. Figure 


28A shows the substrate peaks at 380 nm and 650 nm. 
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ac oscillation 0.005 V p.p. 
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Figure 26 
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1) Spectra after 30 seconds 
2) Spectra after 4 minutes;potentials are 
referenced to Ag/Ag™ (0.1 M) 


Figure 27a-b 
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Figure 28 


Spectral changes of biliverdin when acid is added to 
the solution. A) DMF solution of biliverdin without acid B) 
in presence of 0.5 mM acid 
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Figure 28B shows a shift in the 650 nm peak to 670 nm 


while the peak at 380 nm remains unchanged. 


4.4 SMACRS 


Figure 29 shows R(wt) at various wavelengths for a 
SMACRS experiment recorded during a linear potential sweep 
through the first two oxidation waves of a 0.50 mM 
bilirubin solution. The dc sweep rate was 0.005 v-s-l. 
The ac conditions were 45 Hz and 0.03 Vp-p: The bipolar 
shape indicates first the appearance of some bilirubin 
oxidation product (negative R(wt)), and then the removal 
of some absorbing species from the electrode surface 
(positive R(wt)). A plot of the 0.04 V peak (A) and the 
0.15 V peak (B) as a function of wavelength of light is 
shown in Figure 30. This spectra consists of 20 separate 
SMACRS experiments. 

Figure 31 and 32 show the SMACRS and voltammetry for 
OF Came bss ar bine rom 0 o00RVetor0.50-V- at. (546 enn tas va 
function of base and acid additions respectively. The 
magnitude of the ac reflectance was noted to decrease as 
base was added. The voltammetry indicates that with 
additional amounts of base the first oxidation wave 
disappears. When acid was added to the solution, the 


voltammetry shows a positive shift in the peak potentials 


of both oxidation waves. The SMACRS results showed an 
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SMACRS peak height as a function of wavelength 
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Figure 29 
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SMACRS Dependence on Wavelength 
Peak Height for 0.04 V and 0.15 V Peaks 
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Figure 30 
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optimum concentration of protons (0.28 mM) above which 
R(wt) decreased. For both Figures 31 and 32 the acid and 
base concentrations reported represent the net amount 
added and not the actival concentration in thesolution, 
Since the small amount of basic impurities in the solvent 
will effect the pH of the solution. 

If R(wt) was measured over a more extended potential 
range two further oxidative processes can be identified. 
These are shown in Figure 33A. The reflected light was 
held constant at 546 nm. When acid was added to the 
solution (tritiuoromethy lsuttonue saciid 0.5 mM’)) the first 
SMACRS peak (I) increases in height, the second peak (IT) 
remains essentially unchanged, while (III) and (IV) 
increase in height. The voltammetry of these solutions 
are shown below each SMACRS scan on the same potential 


scale. 
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Figure 34 shows the MSRS response for a potential 
modulation between -0.50 V and 0.20 V. A weak signal at 
675 nm was recorded. Figure 35 gives the MSRS response 
when the modulation limits are extended (-1.20 V to 0.20 
V). A very strong Signal was recorded. Peaks were 
present at 636 nm and 675 nm. When the modulation 


frequency was increased to 80 Hz the peak at 675 nm was 
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SMACRS and corresponding voltammetry for 0.5 mM bilirubin 
at 546 nm. Voltammetry: 0.10 V s~1. SMACRS: dc 0.003 Vs—1, 
ac 36 Hz 0.03 V p-p A) neutral solution B) acidic 


(0.05 mM) acid 
Figure 33 
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MSRS recorded at 40 Hz with potentiallimits —O.50V-+0.20V , 
slit width 2000A, scanrate 5A sec” 1, 0.5 mM bilirubin in DMF 
and 0.15 M TBAF Ag/Ag™ (0.1 M) reference electrode. 


Figure 34 
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MSRS recorded at 40 Hz, with potential limits 
—1.20V to +0.20V , Other parameters 
identical to Figure 17. 


Figure 35 
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severely attenuated, while the peak at 636 nm was only 
Slightly affected. Below 500 nm excessive noise was 
evident since the large bilirubin absorbance begins there, 
and the feedback system tries to divide AR by a very small 


number. 


4.6 TRANSIENTS 


Figure 36 shows absorbance-time transients recorded 
aea625 nme jO36 nrieand 645) nm... Thelisolution was. 0.5 mM 
balirubin? in DME with 0.15 M TBAF, and the reférence 
electrode was Ag/Agt (0.1 M). The electrode was pulsed 
PeOwer se at) Vero UUmms a tou. zee. 1O08ms) and 64. Scans 
were collected and averaged. The recorded transient con- 


sisted of 512 10 bit data points obtained at 500 us-pt7t, 


A 6 PHOTO—-CHEMISTERY 


Figure 37 shows the changes in voltammetry which 
occur when, light. (350-700 nm) was) incident on a.solution 
Of 075i mM? bila robin, anvDMF Containing? 0.15oMe TBAF? The 
voltammograms were taken at various photolysis times with 
a sweep rate of 0.10 v-s-l. As the time was progressively 
increased wave (I) was observed to decrease in height 


while wave (II) increased in height. 
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Absorbance - Time Transients 


(A.U.) 


Absorbance 


18.96 
Time (msec) 
Absorbance-time transients recorded at (A) 636 nm, 


(B) 625 nm and (c) 675 nm 0.5 mM Bilirubin in DMF 


with 0.15 M TBAF, Ag/Ag’ (0.1 M) reference,Slit width 
1000 A 


Figure 36 
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mO4O +0.60V 


Voltammetric changes as a function of 
photolysis time 


Broad band visible light was employed. 
0.5 mM bilirubin solution in DMF 

with 0.15 M TBAF was used. Sweep 
rate was 0.10 Vs—!. Potentials are 


referenced to Ag/Ag™ (0.1 M). 


Figure 37 
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Table 2 displays the compiled results of current 
monitoring during photo-oxidation. The electrode 
potential was maintained at -1.30 V such that any 
biliverdin produced (via photo-oxidation of bilirubin) 
would be electrochemically reduced at the Pt working 
electrode. , Thescell employed is shown in Figure 15. The 
current which resulted from the electrochemical reduction 
of biliverdin was integrated for 100 seconds. Background 
Current Was smeasured sby turning off the light ,and 
measuring the resultant current for 100 seconds. The 
electrode surface and solution were thoroughly refreshed 


between runs. 
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Table 2. Photocurrent obtained during the photo-oxidation 
SCE SDLiTrubim with broadband: aight. 
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Volume of solution upon 
which light was incident - 1.57 x 1073 cm3 


Integration time = AOS 


Light wavelength =e 0+) 550 enim 


% 
- 


calissbixe+-osonq, ws oni 
sAptt Redbeoad 


zt 
rr 
Pca QO L L 
gone 
< > ¢ ; 
4% ty 
ray 
‘ 4 
L a 
L 
Y 
—" 
4 y 
= 
{ - 
» t 
f 
a 
> 


apieranednoy Oo ie oh 5¢ 


en om aptdeios 3! sat 
i “ik ott - ne ac Sdgti-, Sisty 


— 
st 

t 
fr 
‘ 


CHAPTER 5 


DISCUSSION 


5.1 BILIRUBIN OXIDATION MECHANISM 


Figures 18-21 show the typical voltammetric behavior 
of bilirubin and biliverdin in DMF during oxidation and 
reduction. To assist in the discussion of the 
voltammetric response, a composite voltammogram displaying 
all of the oxidation and reduction waves for bilirubin is 
given in Figure 38. Wave (I) has been previously 
identified [37] as the two electron oxidation of bilirubin 
to biliverdin. Oxidation waves (II) and (III) have not 
been discussed previously and are absent at sweep speeds 
greater than 0.30 v-s-!. Wave (II) appears at the same 
potential as that of the oxidation potential of pure 
biliverdin and was thus assigned to biliverdin 
oxidation. According to the Gmelin sequence (Figure 7) 
the oxidation of biliverdin leads to the production of 
purpurin. Wave (III) was therefore suspected to be the 
oxidation of purpurin. To confirm this assignment, pure 
purpurin was prepared by the electrochemical oxidation of 
biliverdin. A voltammogram of the purpurin showed an 


oxidation wave at the same potential as wave (III). 
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A composite of all oxidation-reduction waves 
for discussion purposes. 
Figure 38 
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A most significant voltammetric result concerning 
bilirubin oxidation was appearance of the new redox couple 
(waves (IV) and (IX) in Figure 38). These waves only 
appear after wave (I), and are observed (Figure 24) to be 
accompanied by the regeneration of bilirubin since the 
peak current (i, (1)) remains virtually constant upon 
continued cycling between -1.20 V and 0.15 V vs Ag/Ag*. 
When the negative switching potential was reduced such 
that the=potential limits©’are’'=0550 V-to0.15*°V,"the 
bilirubin oxidation wave height falls rapidly. There 
exists the possibility that wave (IV) was simply the 
reduction of protons which are generated during the 
Oxidation Of bilirubin’ =Protons reduce” at “this” potential 
in DMF on PEOVSPAGYAG™ (see for example Figure 20 - the 
reduction of biliverdin dihydrochloride). However, when 
the same potential cycling experiment (-1.20 V to 0.15 V) 
was carried out on a vitreous carbon electrode, on which 
the hydrogen overpotential was large, the same results as 
shown in Figure 25 are obtained. It can be concluded that 
some intermediate species produced during bilirubin 
oxidation at peak (I) was being reduced and oxidized in 
waves (IV) and (IX). The overall oxidation of bilirubin 
involves the loss of two electrons and two protons. The 
small size of the biliverdin oxidation wave, especially at 


higher sweep rates leads to the conclusion that at least 
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one of the deprotonation steps was slow. Also, the 
inability to ever see a reverse wave for bilirubin 
oxidation or a transition from n=2 to n=1 at high sweep 
speeds indicates that the second electron transfer takes 
place simultaneously with, or immediately after the 
first. This implies that if a deprotonation step 
separates the electrochemical steps it must be extremely 
rapid. 

Waves (V) and (VI) are observed to be the reduction 
of biliverdin and bilirubin respectively. Figure 19B 
confirms this a¢8initially the solution was pure, bilirubin 
and as expected only one reduction wave (-1.55 V) was 
present. However, upon sweeping positive to 0.15 V 
biliverdin was produced at the electrode surface. With a 
subsequent potential sweep in the negative direction, the 
reduction ofifboth biliverdin sand bibirubin-«occurs. >The 
negative potential sweep of pure biliverdin (Figure 20B) 
further substantiates these peak assignments. 

Wave (VII) was the oxidation of some bilirubin 
reduction product. This wave does not appear if the 
negative switching potential was more positive than the 
halfwave potential of the bilirubin reduction wave. The 
final oxidation wave (VIII) was assigned to oxidation of 
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Figure 22 shows the quantitative conversion of 
bilirubin to its dianion. As tetrabutylammonium hydroxide 
was added, the wave at -0.21 V increases and the 0.10 V 
bilirubin oxidation wave decreases. We have found that 
when DMF was stored in tightly sealed containers in the 
dark for more than two days, sufficient amounts of basic 
amine impurities are formed such that a noticeable 
chemical reaction occurs leading to formation of the 
Gianion. While this was a nuisance and has prompted 
distillation of the DMF over barium oxide before use, it 
also has the attribute of providing us with a means of 
checking that the solution was indeed pure before an 
experiment was performed. 

the effect ofsacideon wave ld )24s\showns ine Figure 
23. The slope decreases as the acid concentration 
increases but the linearity as a function of sweep rate 
does not deviate. It can be concluded that the rate of 
electrochemical oxidation was slowed by the addition of 
acid. From Le Chatlier's principle this was exactly what 
we would expect since two electrons and two protons are 
lost during the reaction. The observation that the 
biliverdin oxidation wave disappears at high sweep rates, 
coupled with the fact that the slope never changes from 
n=2 to n=l allows us to conclude that the last step in the 
overall oxidation of bilirubin must be a deprotonation 
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From the six mechanistic possibilities which 
initially existed as shown in Figure 39 we are now able to 
eliminate the three which do not have deprotonation as the 
final step. We are left with EECC, CEEC, and ECEC, where 
E deontes electron transfer, and C denotes a homogeneous 
chemical reaction. With this information it was now 
possible to elucidate the rest of the mechanism by 
employing MSRS, SMACRS, and ac voltammetry. 

Because of the close relationship between R(wt) and 
I(wt) as shown in Equation 20, ac measurements were 
utilized as a complementary tool. This choice was made 
for two reasons: 1) a greater signal to noise ratio may 
be obtained with I(wt), 2) |I(wt)| increases with w 
whereas |R(wt)| decreases. Figure 26 shows some linear 
Sweep ac voltammograms recorded during a potential sweep 
through waves (I) and (II). While the biliverdin current 
wave increases with frequency as expected, the bilirubin 
wave actually gets smaller at higher frequency. 

Van Norman and Szentirmay [92] have shown that 
titration of bilirubin with TMG (base) has two inflection 
points. They occur when one and two equivalents of TMG 
per mole of bilirubin has been added. However, 
electrochemically only two oxidation waves have ever been 
observed, i.e. wave (I) believed to be oxidation of 
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dianion. It appears that wave (1) in Figure 38 is 
actually oxidation of the anion of bilirubin which was in 
equilibrium with the neutral bilirubin molecule. The 
neutral, closed, hydrogen bonded molecule appears 
electrochemically inert over the potential range 
studied. Observation of only two bilirubin oxidation 
waves (Figure 22) along with the low frequency response 
leads us to suspect that the bilirubin oxidation process 
must be preceeded by a chemical equilibrium between the 
neutral molecule and its anionic form. This pre- 
equilibrium was denoted as (P). 

Figure 29 shows R(wt)¢59 nm recorded during a linear 
potential sweep through waves (1) and (II). Repeating 
this potential sweep at twenty different wavelengths gives 
the spectra shown in Figure 30. The large difference in 
spectral response between the two waves indicates that 
while the species being removed (B) at 0.15 V was 
biliverdin as might be expected, the initially generated 
species (A) at 0.04 V was something different. The 
spectra shown in Figure 28B confirms that the species 
being removed (B) was protonated biliverdin (the protons 
residing on the nitrogens). If we recall that at the 
electrode surface the solution was highly acidic due to 
the rapid release of two equivalents of proton per mole of 
biliverdin produced, the absorption maxima at 675 nm 


(protonated biliverdin) was expected. 


Bel 


sxupka nh (1) : ae 
3 << 7 
ot 25W fo bw atdunittd to nek 


rok 2 


ant 8 plow ef dunk tte 


one 


eras festns30q 


ijebiao i swat iid owd ted ae nol serra 


Seno os yarn ko a wai ody tobe woot. ise tea 2 


org nolinbive @bddtir ich eitg tas ‘Beute <> 
‘_ See 7 7 
' 3 f “t q a Say 
s+ nesvied mutsdi liipe Tents €- ve aatatciahiie > 7” Feu 
. j A , - 


> 


-23¢ eiatT <-ite) -ingriw B25 bets ekuoe loa 
7 ‘ oe bre 
(oh) Be bap deine ew mize EER ups 


ehyoes an goede ete: ee. ae 
+e een of 9 ; ine [4 iitcaed epee is Whee tal: 


TW 


4, aT “Sy — Se ed ho Wa #5 god ws tte c — Pin 


= ie 
2m 


a | ovale ae ay pan ape 


a yo} 
4 far © 259 Oe 7 7 ft - tae > eHNoge east 

; C rt 
oy 


fox 
_ , - 
Loy in (8 svomies pala seiosde, 


| or 
wid sttsnk adi eee od) dtp lan. a6 nis bey 


WT jdeketigh pridgene gaa, ¥ Pa 4 se 42 


arc fosde! BHP) vt S4eekErR india ra ro 
‘ } : tal 


» - 
iia ut 
H { ie ] 
; we fare Cah ia 
fen? Lieber ov 4 ~, =e xvi ot ne pinet 
uy : - 7 7 


* oe 
8.) yore A ies J es emi HOO: I $6 php ni. a Cf die 


o+ eeb oibiss whtpti eaw nets 
“ye i oie ; _ 
to Siom, tag mover ja 2 ineLiv ten 


, “i 


oa 8a ae one a eta 


, is = 


a 


— 


109 


It was observed that the addition of acid or base 
causes a potential shift in both the bilirubin and 
biliverdin oxidation waves. In basic solutions the two 
waves begin to coalesce and it was impossible to determine 
the relative sizes of 15 (1) and ip (II). From the dc 
voltammograms in Figure 3l it is evident that the current 
represents a mixed process. However, by using SMACRS, 
R(wt)547 nm Can be used to "track" the biliverdin ac 
response independently of the bilirubin oxidation 
process. The wavelength specific SMACRS response is shown 
above each voltammogram as base (Figure 31) and acid 
(Figure 32) were added. Voltammetry showed that a 
potential shift in the biliverdin oxidation wave occurs 
(0.065 V per decade of base added from another 
experiment). Clearly the oxidation of biliverdin was pH 
dependent. The ac reflectance shows that there exists an 
optimum pH at which R(wt)s547 yn» was a maximum. 

If R(wt)sa7 pp Was measured over a greater potential 
range (Figure 33) two further oxidation processes can be 
identified. Peak (II) represents the formation of some 
biliverdin oxidation product. Peak (III) represents 
subsequent purpurin oxidation (a removal peak: note 
positive value of R(wt)). Peak (I) was again some 
intermediate species produced during bilirubin 


oxidation. Peak (IV) was suspected to be the oxidation of 
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choletellin, i.e. the third oxidation product of 
bilirubin, as given in the Gmelin reaction (Figure 7). 
Due to the large background current present at this 
potential, it was not possible to resolve this process 
using voltammetric experiments. 

By oxidizing bilirubin at the potential of peak (III) 
in the thin layer optical cell, the spectra of the 
resulting species was recorded as shown in Figure 27D. 
This spectra confirms the identity of the species being 
removed at peak (III). Since peaks (1) and (II) are 
creation peaks (-R(wt)) their magnitude was sensitive to 
the time scale of the experiment. On the ac time scale of 
the SMACRS experiment peaks (I) and (II) represent 
Oxidation intermediates. However, if the solution was 
Ruellyrelectrolyzedeat tthe tpotenttalk of peaks e( bh)? and II), 
the resultant spectra (Figure 27B-C) shows only the 
overall dc time scale products of biliverdin (I) and 
puDpuUrinir( Ii)? oxi dation? 

Modulated reflectance spectra for a solution of 
bilirubin recorded about wave (I), (-0.50 V to 0.20 V) 
gave a very weak signal with Amax = 675 nm as shown in 
Figure 34. This MSRS signal was thus due to biliverdin. 
Just as in the SMACRS experiment, the strongly acidic 
region near the electrode surface leads to the observed 


bathochromic shift of the biliverdin absorption maximum 
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from 650 nm. When the modulation limits are extended 
Care 20 EV At OTOL SZ0V esto “re lhide wave YFIV) @( Figure 38)" ‘a 
very strong MSRS signal was observed (Figure 35) showing 
the removal of bilirubin, and the generation of a new 
Species with A,., at 636 nm. A small shoulder at 675 nm 
was still present indicating some residual protonated 
biliverdin formation. At a modulation frequency of 80 Hz 
the size of the 675 nm band relative to the 636 nm band 
was very small. 

The characteristics of wave (IV) imply that the 
potential for the second electron transfer Ej (during 
bilirubin oxidation) was negative of that for the first 
E,- During the recording of the MSRS spectrum, whatever 
species was generated at the upper potential 0.20 V was 
reduced at the lower potential -1.2 V. Since we know that 
the final proton transfer step must be slow, it was 
reasonable to assign the 636 nm absorption peak to the 
carbonium ion of bilirubin. This was formally the same as 
the protonated biliverdin molecule. We therefore assign 
the potential for Ey as the (Br? + Br*) reduction 
potential, where Br denotes bilirubin. 

Figure 36 displays a transient recorded in a 
bilirubin solution which was pulsed from -1.10 V (800 ms) 
Goro. 207. (100 ms) tandethen back *to* =—1.10°V For this 


study the system was not open-circuited at the conclusion 
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of the main (positive) pulse. It was evident from the 
SMACRS and voltammetry results that we are pulsing between 
potentials where creation of the bilirubin cation (upper 
potential) and degradation to the bilirubin radical (lower 
potential) occur. Interpretation of the transient was 


complicated by the fact that Br’ 


has the ability to 
undergo concerted proton rearrangement producing 
protonated biliverdin which does not reduce at -1.10 V, 
and additionally has a greater extinction coefficient than 


Brt 


at the wavelengths of interest. The sum of these two 
absorbing species explains why the transient rises faster 
than tl/2, 

For a conventional experiment where A 2 B was 
reversible and only B absorbs at the wavelength 
investigated, a plot of -log(1-AR/R) vs t1/?2 will be 
linear. When this plot was made for the transient in 
Figure 36, a superlinear curve resulted. This deviation 
occurs Since this system has the form A 2 B 4 C where A 
represents Br’°, B represents BrepandsC represents 
protonated biliverdin which forms at some characteristic 
rate k. Additionally, C was a greater absorber than B. 
The superlinearity results from the fact that species B 
forms as t!/2 (linear) but Superimposed on this rising 
absorbance was the contribution of absorbance from species 


C which was kinetically controlled and forms as a function 
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of time. The sum of these two absorbances leads of the 
observed response. If species C had an extinction 
coefficient less than species B then a sublinear curve 
would tbe observedséor they plot! of Jogi] “AR/R)e want +77 


[93]. The rate constant for this homogeneous complication 


has been shown to be [93] 


T B 
ee a 2 a eee 
t Ae B dk 
es {(1 + = ee sa (Ent dat 


where pyeclts) is the total absorbance of both species as a 
function of time, AgB(t) is the absorbance of species B as 
a function of time in the absence of any chemical 
complications, and Ae = €, - €g where €c and €p represent 
the extinction coefficients for C and B respectively. 

From this equation a value of k = 0.61 s~l was obtained 
for the reaction. 

As demonstrated earlier the spectrum of a given 
species can be built from a series of transients. Even in 
the presence of homogeneous complications, this remains 
quabitativelyet.ruesat From Fugures36.iweriseesthataithe 
greatest absorbance occurs at 636 nm. From the MSRS 
experiments we observe Br* to have AoE aie 636 nm, thus the 
spectral response of these transients supports the fact 


that we are initially producing Brt. 
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When the pulse was terminated at t = 100 ms, species 
C continues to form from residual B and absorbs light 
while most of species B was being reduced back to A at 
-1.10 V. This process was manifested in the second 
portion of the transient where the absorbance (-AR/R) is 
noted to decrease at a far slower rate than expected for 
an A =~ B system. 

Slifstein and Arial [39] have suggested an EECC 
mechanism for bilirubin oxidation on the grounds that the 
two nitrogens are oxidized at the same potential 
Simultaneously. The observation of wave (IV) however, was 
conclusive evidence that the electron transfer steps are 
separated, with E> < E,- This fact, together with the 
strong pH dependence of wave (I) leads us to discount EECC 
as a likely mechanism. 

The low frequency ac voltammetric response supports 
CEEC as a likely mechanism, i.e. the deprotonation step 
might preceed the first electron transfer. This may occur 
since the carboxylic protons are quite labile and it was 
possible that a N-H proton was shared with a CO,” group. 
We feel however, that the above argument was weakly 
supported, especially since we observe a SMACRS signal 
during the oxidation of bilirubin; because of the 
selectivity toward reversible process inherent in SMACRS, 


it is unlikely that we would see an irreversible electron 
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more likely that the SMACRS signal reflects E, Of an ECE 
type mechanism. This possibility was supported by the pH 
dependence of the bilirubin R(wt) wave shown in Figure 
33. At high proton concentrations the deprotonation step 
is inhibited so that we see an enhanced (more reversible) 
Riwt), formthestingt electrons transfer) Brio. Bie © (Figure 
33B peak I). It is clear that the enhancement of R(wt) 
was not due to the biliverdin formation process. ini wact , 
the opposite was true as evidenced by the reduced 
biliverdin dc oxidation wave under acidic conditions. 

The low frequency ac response must therefore have 
another cause. The most likely possibility is 
intramolecular hydrogen bonding between the carboxylic 
acid and amino groups, causing distortion of the molecule 
[38] and inhibiting charge transfer. Since hydrogen 
bonding does not take place if the carboxylic protons are 
lost, a pre-equilibrium must exist in which the 
positioning of the carboxylic group acts as the opening or 
closing of a gate, i.e. non-hydrogen bonded or hydrogen 
bonded. 

To confirm this proposed ECEC mechanism for the 
oxidation of bilirubin, the sweep rate dependence of 1p 
(I>+ IVee IX) aineFigures 38, was),examined in» .terms; of the 


Nicholson and Shain theory for an ECE process [94]. A 
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plot of ip/v¥v vs v for each wave allows for the 


differentiation of the four possibilities inherent in this 


mechanism (I-I, I-R, R-I, R-R) where I represents an 
irreversible heterogeneous charge transfer step and R 
represents a reversible heterogeneous charge transfer 
step. The sweep rate was varied from 0.10 v-s-! to 3.5 


Vocal The results allow for the exclusion of I-I and 


R-I. However, it was not possible to discriminate between 


R-R and I-R. From consideration of the SMACRS experiment 
(Figure 29) R-R is the probable mechanism (inherent 
sensitivity to reversible processes). 

In consideration of the above results we assign wave 
(I) to the oxidation of Br + Br°*, followed by 
deprotonation of Br’? and a second electron transfer 
yielding Br*t, probably in its protonated form because of 
the local low pH. Wave (IV) was the reduction of Brt > 
Br®°. The Br° was then reoxidized to Brt (wave (IX)), or 
may be protonated to form Br°t, which was then rapidly 
reduced to the parent molecule Br at this potential. 

These conclusions are further supported by the 
voltammetric results obtained in acidic solutions where 
wave (IX) was absent and wave (IV) enhanced, i.e. in acid 
solutions the protonation of Br°* was accelerated. The 
decrease in wave (I) at higher sweep speeds was a 


consequence of the reversible nature of the Brt reduction 
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under these conditions (no bilirubin was being 
regenerated). 
The complete oxidation scheme was therefore proposed 


to be: 


2meyr. |66t Bre 9S BY 


where Br means >be with “a deprotonated carboxylic *group. 

It should be noted that the observed protonation of Bv 
leading to Anay = 675 nm was likely due to protonation of 
the basic amine groups. Because of the low pH at the 
electrode the 636 nm band was Br* rather than Bre and the 
broad absorption observed in the SMACRS experiment (Figure 
30) was Br.) The Br was too short lived to ever be 
observed in these experiments (equilibrium concentration < 
10711 mol/cm?). 

Figure 40 displays a possible molecular mechanism for 
bilirubin oxidation. The molecule was initially held ina 
rigid twisted configuration by the hydrogen bonds between 
the carboxylic groups and the pyrrole N-H groups. A 


hydrogen bond-nonhydrogen bond equilibrium exists. In 
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Proposed mechanism for bilirubin oxidation (PECEC) 
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order for electron transfer to occur the hydrogen bond 
must be broken. Once this occurs, loss of an electron and 
proton at the pyrrole nitrogen takes place, leading to 
formation of the radical. Another electron was 
subsequently lost followed by a proton at the methane 
bridge position.. Upon rearrangement of electrons the new 
rigid, linear tetrapyrrole exists as biliverdin, with 


fully protonated carboxylic acid groups. 
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Figure 38 shows the qualitative changes observed in 
the voltammetry of a bilirubin solution as a function of 
photolysis time. Although numerous products are formed 
during bilirubin photolysis, we are only interested in 
determining the relative percent of photo-oxidation, i.e. 
the percent of biliverdin produced compared to the percent 
of bilirubin photolyzed. As the duration of photolysis 
was increased the peak height of bilirubin was noted to 
decrease. Likewise, the peak height of the biliverdin 
oxidation wave increased with photolysis time. 

Before proceeding with this experiment, an additional 
experiment was performed to confirm that the voltammetric 
response observed during photolysis indeed represented 
biliverdin production. Using the cell shown in Figure 15, 


the working electrode potential was fixed at -1.30 V 


-_ 
Pa 


7 iy 
brieot cen 


@ 
a 


Leiqe2e19082 beadetarnd #iny agen 


a _— a i 
Oxbyt oft type 


TS ,toenegye ein ae eer: imi 


—_ 
aI wig 
4 
} Re yI0es 


ta fia ; 21g 8 ga. Deveson. ise 


Pay 


x 


iseloe Yo ds ean a pogtl cok 


fhravilid ee £ faites etovayas73 
: v, ; i as 
: 7 be i iad - 
quo bipa nsibiedeaiainee bstanns 
| Pe ed 


= 4 , aed mae or . mr th 


! fLertounsG 


betegeot. teavhaca nitwey pi tet bo an 
eokakalak P box gfascng beta 


sew ridvabiie to adofrenr xeog oy banketon el 
' en aalhede - 


r() At? Dey Soi aes, (metwont st a8e 


- 


eid alaygioson /ehy eases sves 


fs ake 


. vd 
ts sate dx tines ee 


Ure k 


theene! ae ace add, 6a oe 
, > ao ee 
1% Thal, ee a ‘ io. 1 


be i aay anv Bs = Ta 


(biliverdin reduction potential) such that any biliverdin 
formed photochemically would be reduced 

electrochemically. The current which resulted during 
photolysis was monitored. Clearly biliverdin was formed 
(Table 2) as evident by the larger current at this 
potential when the light was incident upon the solution. 
After correcting for background and determining the volume 
of solution upon which the light was incident, it was 
found that 1.84 x 101° molecules were photo-oxidized ina 
volume of solution which contained 6.9 x 1029 molecules of 
bilirubin. This efficiency of conversion was comparable 
to that "previously found™=([61" 

Returning to the original photolysis experiment 
(Figure 38) we note that the current can be expressed as 
simply a constant multiplied by oe as shown in Equation 25 
for an irreversible reaction, where os represents the bulk 
concentration of the reduced species - namely bilirubin. 
From this relationship it was observed that the changes in 
peak height directly relates to the changes in 
concentration of the two species. A decrease in peak 
height implies a decrease in concentration; an increase in 
peak height - an increase in concentration. By using the 
peak height for the bilirubin and biliverdin oxidation 
waves, converting them into units of current, dividing by 


their respective heights at photolysis time t = 0, and 
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plotting these absolute changes as a function of time, we 
obtain two lines with different slopes. The slope of 
these lines represents the changes in concentration of the 
two species as a function of photolysis time. If the 
photo-oxidation of bilirubin to biliverdin was 100% 
efficient then the slope of the two lines should be 
identical assuming that the diffusion coefficients and the 
charge transfer coefficients are identical. Dividing the 
slope of the biliverdin line by the slope of the bilirubin 
line will reveal the percent of bilirubin which was photo- 
Oxiaized) ton bi RVerdin. Gfoklowing this. procedure a value 
of 17% was calculated for the amount of biliverdin being 


formed during the photolysis of bilirubin. 


5.2) CONCLUSIONS 


The oxidation of bilirubin in DMF has been observed 
to be consistent with a PECEC mechanism where P is a 
preceeding equilibrium, E is an electrochemical step, C a 


chemical step and Ez in the above mechanism was less than 


By}. Spectra are reported for Brt OAs OO nm) Br’? 
(broad Amay = 625-700 nm), BV (Amax = 650 nm) and 
protonated By (A7l, = 675 nm)i-)) Oxidation potentials, for 


Br’/Br°t and Br’/Br° are reported as EB = 0.10 V and -0.90 
V vs Ag/Ag* (0.10 M) respectively. Through voltammetry, 


it has been possible to perform in situ monitoring of 
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biliverdin formation during the photo-oxidation of 
bilirubin. For photolysis times less than two minutes, 
17% of the bilirubin has been shown to be photo-oxidized 
to biliverdin. From the insight which voltammetry 
provides along with the spectroelectrochemical selectivity 
of MSRS and the recently described SMACRS technique, it 
has been possible to elucidate the electro-oxidation 


mechanism of bilirubin IX-a in DMF. 
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